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Abstract  
Tropical cyclones (hurricanes and typhoons) are extreme disturbances that have a significant 
impact on ecosystem structure and processes. The intermediate disturbance hypothesis 
(IDH) generalizes disturbance-diversity relationships but its validity is hotly debated. The IDH 
has been challenged both theoretically and with results from experimental studies, however, 
few studies have empirically tested the proposed mechanisms of IDH using results from the 
actual ecosystems. In this commentary, based on empirical observations from studies on the 
interactions between tropical cyclones and forest dynamics, we outlined seven possible 
outcomes of gap dynamics and tree diversity as a result of different frequency and intensity 
combinations. We argue that the lack of distinction and differentiation between disturbance 
intensity and severity, and the overlooked role of tree mortality, seedling recruitment, and 
tree adaptations limit the applicability of IDH in predicting the disturbance-diversity 
relationship. In the era of climate change characterized with more frequent climate 
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1 | INTRODUCTION 
Disturbances play an important role in ecosystem structure, function, and dynamics. Large 
disturbances can reset community development and initiate secondary succession, while in 
the absence of disturbance a community will eventually reach mature ecosystem state 
(Whittaker, 1953, 1974; Horn, 1974). A key discussion in ecosystem ecology is the 
relationship between disturbance and diversity. Disturbances have the potential to alter 
species diversity directly through differential species removal and indirectly through 
modifying the biotic and abiotic environments and thereby altering the species competition 
(Glitzenstein, Harcombe, & Streng, 1986; Hughes et al., 2007). Many theories and 
hypotheses have been developed to describe and predict the relationship between 
disturbance and species diversity. Among them, the intermediate disturbance hypothesis 
(IDH) (Connell, 1978; Ward and Stanford, 1983) is fundamental in explaining and predicting 
disturbance-diversity relationships. The IDH has been debated over the past decades with no 
clear consensus on how well it can be applied to the actual ecosystems. In this commentary, 
we used results from empirical studies of tropical cyclone disturbance on forest ecosystems 
to illustrate several key limitations of the IDH and reveal previously overlooked processes 
that are essential to the disturbance-diversity relationship. 
 
2 | RETHINKING THE INTERMEDIATE DISTURBANCE HYPOTHESIS 
The IDH predicts that local species diversity (i.e., richness) peaks at intermediate frequencies 
and spatial extents of disturbance (Connell, 1978). The mechanisms that lead to the peak 
local diversity at intermediate disturbance is that at low disturbance (both in terms of 
frequency and intensity), the community is disproportionally made up of species that are 
best adapted to the prevailing environmental conditions, and when disturbance is too large, 
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many species are removed by the disturbance (Petraitis, Latham, & Niesenbaum, 1989; 
Wilson & Tilman, 2002; Catford et al., 2012). The IDH has been both supported (Mollino and 
Sabatier, 2001, Roxburgh, Shea, & Wilson; 2004, Bongers et al., 2009, Zimmerman et al. 
2014) and challenged (Hubbell et al., 1999; Miller, Roxburgh, & Shea, 2011; Fox 2013) by 
large numbers of studies, with the latter mostly using laboratory experiments or theoretical 
studies. As a support to IDH, using a sample of 17,000 trees in a Guianan forest, with a wide 
range of disturbance intensities, Molino and Sabatier (2001) reported peaked species 
richness at intermediate disturbance levels. Using another large-scale dataset, Bongers et al. 
(2009) illustrated that richness peaks at intermediate disturbance in tropical dry forests. At 
the same time, there are many studies challenging the IDH. Fox (2013) argued that the IDH is 
empirically refuted by the lack of humped shape of diversity along the disturbance gradient 
in many cases and the mechanisms that contribute to high levels of diversity at intermediate 
disturbance are logically invalid. Using a model of two competing plant species subject to 
disturbance of varying intensities and frequencies, Miller, Roxburgh, & Shea (2011) 
demonstrated that a single simple model can theoretically generate several different 
disturbance-diversity relationships. However, it has been argued that many criticism about 
the IDH are misguided because they fail to acknowledge that the effects of disturbance on 
diversity co-vary with productivity (Huston, 2014).  
Although the mechanisms provided by the IDH have been challenged both theoretically 
and experimentally, to our knowledge, few studies have empirically tested the theoretical 
mechanisms of the IDH using results from actual ecosystems. Based on empirical results of 
studies on plant species diversity in relation to tropical cyclone disturbance, we examined 
the two fundamental mechanisms of the IDH, maximized competitive exclusion under low 
disturbance and maximized species loss under high disturbance. We also highlight key 
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processes driving the disturbance-diversity relationship that have not been explicitly 
addressed previously. 
Tropical cyclones are among the most-common natural disturbances globally and their 
frequency and intensity are projected to increase in many parts of the world in the future 
(Emanuel 2005, 2013; Chand, Tory, Ye, & Walsh, 2017; Ibanez et al., 2018). In fact, tropical 
cyclone disturbance was used many times to illustrate the IDH by Connell (1978). The IDH 
predicts a low level local species richness under high disturbance, however, empirical studies 
from Taiwan, an island under frequent and intense typhoon disturbances do not support 
such a prediction. Taiwan experiences three to six landfall typhoons annually, with 
approximately 40% of the typhoons category 3 (Saffir-Simpson scale, wind speed 50-58 m s-
1) or greater (Lin et al., 2011). Thus, typhoon disturbance in Taiwan is at the very high end of 
the cyclone disturbance spectrum. Northeastern Taiwan had a record of six typhoons in 
1994, with two of them category 3 at landfall. However, tree mortality caused by the 1994 
typhoons was only 1.4% and there was no differential removal of tree species at a low 
elevation forest (Mabry et al., 1998). When mortality is low and not many species are 
preferentially removed, frequent cyclone disturbance may help to maintain or even enhance 
tree diversity (Lin et al., 2018). Sometimes higher local species richness can indeed result 
from high disturbance intensity. For example, in the Caribbean basin of central America 
where major hurricanes occur once or twice a decade (Walker, Lodge, Brokaw, & Waide, 
1991), Vandermeer et al. (2000) reported that after the category 4 (wind speed 58-70 m s-1) 
Hurricane Joan (1988) affected Nicaragua, species richness was higher in disturbed forests 
than undisturbed forests. These observations clearly demonstrate that intensive disturbance 
that affects an extensive area does not always lead to lower diversity as predicted by the 
IDH. We argue that seed recruitment under cyclone disturbance disrupts the disturbance-
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diversity relationship predicted by the IDH. The pioneer species rely on large seed reserves 
in the seed bank to achieve abundance after cyclone disturbance. However, with extensive 
disturbance of high intensity, seed recruitment of pioneer species will not be sufficient to 
saturate the damaged area so that they can not suppress the large suite of slower-growing 
species as they often do under less intensive disturbances (Vandermeer et al., 2000).  
Another important limitation of the IDH is the lack of distinction between the effects of 
disturbance frequency and intensity on species diversity. Connell (1978) proposed that the 
same reasoning used to explain the disturbance frequency-diversity relationship can be 
applied to explain disturbance intensity (and area)-diversity relationship. However, it is 
widely recognized in fire ecology that frequent fires are typically less intense and have 
smaller spatial coverage while infrequent fires are usually intense and cover much broader 
areas and their effects on plant diversity are likely different (Pickett and White, 1985, Turner 
et al., 1989; Steel, Safford, & Viers, 2015). Similar to fires, the effects of different tropical 
cyclone disturbance regimes (e.g., frequent and intense, frequent but less intense, and rare 
but intense) on tree diversity are also different.  
Another limitation of IDH in explaining disturbance-diversity relationship is the lack of 
consideration of organismal adaptations to disturbance. According to the IDH, tree diversity 
is low under frequent and intense cyclone disturbance regime. Lin et al. (2017) used 
empirical evidence to illustrate that strong typhoons do not lead to low levels of local 
species diversity because of low tree mortality. The low tree mortality even during most 
intense typhoons is likely resulted from the development of adaptations to frequent 
typhoon disturbance. Natural disturbances have been interacting with ecosystems for 
hundreds of thousands of years and spanning over many generations of trees in many 
regions. It is therefore not surprising that selection had resulted in forests with structure, 
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composition, and functional traits that are adaptive to cyclone disturbance such as short 
stature and heavy defoliation that would minimize their mortality (Francis and Alemany, 
2003; Lin et al. 2017). Adaptations also likely contributed to the finding that cyclonic storms 
generally have a greater effect on forest composition and dynamics on forests with less 
frequent cyclone disturbance than on those with more frequent disturbance reported by 
Hogan et al. (2018). We believe that the overlooked role of adaptations by the IDH is one 
reason for the lack of humped-shape disturbance-diversity relationship in many cases.  
Lastly, we believe that there is an important distinction between disturbance intensity 
and disturbance severity, and one cannot be interchanged with the other. Intensity is a 
physical attribute of disturbance (e.g., the strength of the disturbing force) and severity is 
the biophysical impact, such as the magnitude of tree mortality caused by disturbance 
(Iwasaki and Noda, 2018). When testing the IDH, some researchers have confused 
disturbance severity with disturbance intensity, which is subjected to criticism. For example, 
Molino and Sabatier (2001) provided a testing of the IDH at the light-gap level, in which they 
used tree mortality to estimate disturbance level. In the criticism to the IDH, Huston (2014) 
sometimes also used mortality in substitution of disturbance intensity to describe possible 
outcomes of the disturbance-diversity relationship. It is problematic to use disturbance 
severity instead of disturbance intensity to define the scale of the disturbance. For example, 
it is inappropriate to classify the category 3 Typhoon Herb as a small disturbance just 
because it caused less than 1% tree mortality (Lin et al., 2011). Such confusion is especially 
problematic in forest management aiming to mitigate the disturbance effects. For example, 
through thinning it is possible to reduce tree mortality caused by a category 3 tropical 
cyclone but it would be misleading to then use the low tree mortality to claim that the 
tropical cyclone is a small one.  
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3 | PROPOSED OUTCOMES OF CYCLONE DISTURBANCE-DIVERSITY RELATIONSHIP 
Based on empirical results, we summarized nine combinations along the frequency and 
intensity gradients and pointed out seven possible outcomes of cyclone disturbance- 
diversity relationships (Figure 1). When cyclone intensities are low, their effect on tree 
survival and growth is minor, tree diversity is likely insensitive to cyclone disturbance 
regardless of the frequency (Figure 1A). In contrast, infrequent but high intensity cyclones 
could cause high tree mortality. High tree mortality that is not evenly distributed among tree 
species could reduce tree diversity as predicted by the IDH. In such cases, if the frequency is 
low, with a return interval of several decades or longer, tree diversity is reduced following 
the disturbance for one to several decades (Figure 1E). Then canopy tree species removed by 
the disturbance can regain their niches in the forest as long as there is sufficient supply of 
seedlings from the seed bank. If the frequency is high, such as in northern Taiwan, species 
that are vulnerable to the typhoons have too short a period to regain their niches once 
removed by the disturbance (Figure 1G). Within the same region, there could be a gradient 
of cyclone intensity under similar cyclone frequency. For example, in Taiwan, where typhoon 
disturbance occurs on an annual basis, typhoon intensity decreases from low to high 
elevations, due to the disruption of typhoon structure by the rough topography and cooler 
temperatures at high elevations. Thus, there is a disturbance intensity gradient under high 
disturbance frequency (i.e., increasing intensity from scenarios A, D, and G). In the 
northeastern United States, where hurricanes occur one to several times a century, the 
decreases in hurricane intensity from coast to inland portray a disturbance intensity gradient 
under low disturbance frequency (i.e., increasing intensity from scenarios A, B, and E). In the 
Central America, where hurricane occurs once or twice a decade, the decreases in hurricane 
intensity from east to west coast illustrate a disturbance intensity gradient under 
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intermediate disturbance frequency (i.e., increasing intensity from scenarios A, C, and F). 
The effects of cyclone disturbance on tree diversity likely vary along each of the intensity 
gradients and the lack of distinction between frequency and intensity effects makes the IDH 
of limited applicability in the actual ecosystems. The seven possible outcomes agree with the 
theoretical model of Miller, Roxburgh & Shea (2011) and the experimental populations of 
microbes used by Hall et al. (2012) that describe changes in disturbance-diversity 
relationships with different combinations of disturbance frequency and intensity. However, 
our predicted outcomes are based on results from empirical field studies.  
 
4 | Summary 
Based on empirical field observations from regions under tropical cyclone influences, we 
have illustrated that some key limitations of the IDH are the lack of distinction between the 
effects of disturbance frequency and intensity on species diversity, the lack of consideration 
of organismal adaptations to disturbance, and the lack of distinction between disturbance 
intensity and disturbance severity. We also showed that intensive disturbance does not 
always lead to lower diversity and revealed previously overlooked processes (i.e., role of tree 
mortality and tree adaptations) that are essential to the disturbance-diversity relationship. 
We have summarized seven possible outcomes of cyclone disturbance-diversity 
relationships, pointing out the diverse consequences resulting from different disturbance 
intensity and frequency combinations.  
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Figure 1. Seven possible outcomes of gap dynamics and tree diversity in relation to 
disturbance as a result of different frequency and intensity combinations. In places 
such as Taiwan where typhoon disturbance is on an annual basis, the decreases in 
typhoon intensity from low to high elevations, due to the destruction of typhoon 
structure by the rough topography and cooler temperatures at high elevations, 
represent a gradient of increasing disturbance intensity (i.e., scenarios A, D, and G) 
under high disturbance frequency. In the Central America, where hurricanes occur 
once or twice a decade, the decreases in hurricane from east coast to west coast 
illustrate a gradient of intermediate disturbance frequency but increasing disturbance 
intensity (i.e., scenarios A, C, and F). The scenario C represents the co-existence of 
shade-tolerant and –intolerant species under intermediate intensity and intermediate 
frequency due to low competitive exclusion as predicted by the intermediate 
disturbance hypothesis. Their co-existence, however, is not limited to scenario C but 
also in other scenarios (e.g., D, G) due to different reasons. In the northeastern United 
States, where hurricanes occur one to several times a century, the decreases in 
hurricane intensity from coast to inland portray a gradient of increasing disturbance 
intensity under low disturbance frequency (i.e., scenarios A, B and E).   
